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Objectives This study sought to investigate pulsatile changes of the aortic annulus and their im-
pact on prosthesis selection by computed tomography (CT).
Background Precise noninvasive prosthesis sizing is a prerequisite for transcatheter aortic valve
replacement.
Methods A total of 110 patients with severe aortic stenosis (mean age: 82.9  8 years, mean aortic
valve area: 0.69  0.18 cm2) underwent electrocardiogram-gated CT. Aortic annulus dimensions
were planimetrically quantiﬁed as area-derived diameter (DA  2 ✓(CSA/), where CSA is the
cross-sectional area) and perimeter-derived diameter (DP  P/, where P is the length of the perim-
ter) in 5% increments of the RR interval. Hypothetical prosthesis sizing was based on DA and DP
(23-mm prosthesis for 22 mm; 26 mm: 22 to 25 mm; 29 mm: 25 mm) and compared between
maximum and traditional cardiac CT reconstruction phases at 35% and 75% of RR. Agreement for
prosthesis selection was calculated by  statistics.
esults DA and DP were increased and eccentricity was reduced during systole, with DA-MAX and
P-MAX most often observed at 20% of RR. DP was consistently larger than DA. Average net differ-
nces were 2.0  0.6 mm and 1.7  0.5 mm by DA-MIN versus DA-MAX and DP-MIN versus DP-MAX.
Agreement for prosthesis sizing was found in 93 of 110 patients (  0.75) by DA-75% and in 80 of
10 patients (  0.53) by DA-MAX compared with DA-35%; and in 94 of 110 patients (  0.73) by
P-75% and in 93 of 110 patients (  0.73) by DP-MAX compared with DP-35%. With sizing by DA-75%
or DP-75%, nominal prosthesis diameter was smaller than DA-MAX or DP-MAX in 15 and 6 patients
espectively.
onclusions Aortic annulus morphology exhibits conformational pulsatile changes throughout the
ardiac cycle due to deformation and stretch. These changes affect prosthesis selection. Prosthesis
election by diastolic perimeter- or area-derived dimensions harbors the risk of undersizing. (J Am
oll Cardiol Intv 2012;5:984–94) © 2012 by the American College of Cardiology Foundation
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985Transcatheter aortic valve replacement (TAVR) is rapidly
becoming the intervention of choice for patients with severe
aortic stenosis who are considered at high risk for conven-
tional surgery (1–4). Transcatheter heart valve (THV)
sizing relies on either calibrated aortograms or noninvasive
imaging (5–7). Incorrect sizing may result in adverse out-
comes, such as paravalvular regurgitation, device emboliza-
tion (8,9), or aortic root rupture in case of severe oversizing
(10). Traditionally, sizing has been performed using echo-
cardiography (Placement of Aortic Transcatheter Valve
[PARTNER] trial cohorts A and B [1,2]); however, com-
puted tomography (CT) is becoming increasingly integrated
into THV sizing because it affords 3-dimensional assess-
ment of the complex aortic root anatomy (6). To account for
the ovoid shape of the aortic annulus, calculation of an
average diameter, either by caliper measurements or by
planimetry, has been proposed (11,12).
In addition to measurement differences between modal-
ities, the aortic root is subject to dynamic and cyclic changes
in cardiac filling, and its compliance, as well as deformation,
results in cross-sectional area and diameter changes
throughout the cardiac cycle (13), with generally larger
morphology found during systole (14). The impact of these
dynamic changes on prosthesis selection by CT has yet to be
defined. Furthermore, understanding these conformational
changes is of potential relevance for adjusting the time point
Figure 1. Planimetric Assessment of the Aortic Annulus
By manipulation of the coronal (A) and sagittal oblique views (B), the correspo
most caudal attachments of all 3 native cusps. Planimetric assessment yields cross-seof CT data acquisition and im-
age reconstruction during the
cardiac cycle to the specific re-
quirements of TAVR, since the
standardized cardiac phases of
cardiac CT aimed at coronary
artery assessment (e.g., mid-
diastolic in patients with slow
and regular rhythms, or end-
systolic in patients with fast or
irregular rhythm [15,16]) may
not be ideal in this context. Ac-
cordingly, the aim of this inves-
tigation was to evaluate the ex-
tent of dynamic changes of the
aortic annulus throughout the cardiac cycle and its potential
impact on prosthesis sizing by CT in patients with severe
aortic stenosis undergoing evaluation for TAVR.
Materials and Methods
Study population. This retrospective study was approved by
he institutional review board. The primary study popula-
ion consisted of 165 consecutive patients with severe
ymptomatic aortic stenosis, who were referred for diagnos-
ic work-up before TAVR, including a dedicated, retrospec-
double-oblique transverse view (C) was adjusted to transect through the
Abbreviations
and Acronyms
CSA  cross-sectional area
CT  computed tomography
DA  area-derived diameter
DP  perimeter-derived
diameter
ECG  electrocardiography
EI  eccentricity index
TAVR  transcatheter aortic
valve replacement
THV  transcatheter heart
valvending
ctional area, short- and long-axis diameters (D), and perimeter (E).
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986tively electrocardiogram-gated CT study of the heart. Elec-
trocardiography (ECG) data acquired by the CT scanner
were evaluated for heart rate and rhythm, and presence of
atrial fibrillation or premature contractions. To ensure
optimal image quality, patients with atrial fibrillation (n 
50), premature contractions (n 2), and patients with sinus
rhythm, but heart rates 85 beats/min (n  3), were
xcluded from further analysis. Thus, the final study popu-
ation comprised 110 patients.
CT protocol. All CT examinations were performed using a
ual-source CT scanner (Somatom Definition, Siemens
ealthcare, Forchheim, Germany) with a temporal resolu-
ion of 83 ms. For contrast-enhanced data acquisition, 90 to
10 ml of iodinated contrast agent (Imeron 350, Bracco
maging, Konstanz, Germany) were injected at a flow rate
f 4 to 5 ml/s via an 18-gauge needle in an antecubital vein,
ollowed by a 50-ml saline bolus chaser. The scan was
tarted by means of automated bolus tracking. Scan param-
ters for cardiac CT were as follows: spiral data acquisition
ith retrospective ECG gating; reference tube current–time
Table 1. Diameter-Based Prosthesis Sizing and Relat
DA or DP
(mm)
Prosthesis
(mm)
Relative
Oversizing (%)
DA or DP
(mm)
Prost
(m
19.0 23 21.1 22.0 2
19.2 23 19.8 22.2 2
19.4 23 18.6 22.4 2
19.6 23 17.4 22.6 2
19.8 23 16.2 22.8 2
20.0 23 15.0 23.0 2
20.2 23 13.9 23.2 2
20.4 23 12.8 23.4 2
20.6 23 11.7 23.6 2
20.8 23 10.6 23.8 2
21.0 23 9.5 24.0 2
21.2 23 8.5 24.2 2
21.4 23 7.5 24.4 2
21.6 23 6.5 24.6 2
21.8 23 5.5 24.8 2
DA area-derived diameter; DP perimeter-derived diameter.
Table 2. Clinical and Echocardiographic Characteristics of the
Study Population (N  110)
Age, yrs 82.9 7.9
Male/female 27/83
Body surface area, m2 1.79 0.3
Echocardiographic ﬁndings
Peak transvalvular aortic gradient, mm Hg 69.2 21.1
Mean transvalvular aortic gradient, mm Hg 43.6 14.1
Aortic valve area, cm2 0.69 0.18
Ejection fraction, %*† 62.3 13.2
Values are mean  SD or n/n. *The aortic valve area was calculated as per continuity equation;†ejection-fraction by computed tomography.roduct, 360 mAs/rotation throughout the cardiac cycle,
ithout the use of ECG-dependent tube current modula-
ion; section acquisition, 2  64  0.6 mm; pitch, 0.2 to
.43 adapted to heart rate; gantry rotation time, 330 ms;
ube voltage, 120 kV; automated anatomical tube current
odulation; scan direction, craniocaudal. For cardiac data
cquisition, the scan range extended from the carina to the
iaphragm as part of a comprehensive scan protocol con-
isting of an ECG-gated acquisition of the thorax followed
y non–ECG-gated data acquisition of the abdomen and
elvis. Contraindications for CT examination were severely
mpaired renal function (estimated glomerular filtration rate
40 ml/min/1.73 m2) or previous severe adverse reaction to an
iodinated contrast agent. Patients with an estimated glomeru-
lar filtration rate of between 40 and 60 ml/min/1.73 m2
underwent intravenous volume expansion with isotonic crys-
talloid (1.0 to 1.5 ml/kg/h) for 3 to 12 h before CT and for 6
to 24 h afterwards when clinically appropriate. Additionally,
these patients received 1,200 mg of N-acetylcysteine orally
twice a day before and after the contrast material exposure.
Image reconstruction. CT data were reconstructed at 5%
teps throughout the cardiac cycle with a section thickness
f 0.6 mm and an increment of 0.4 mm, using a medium-
oft tissue convolution kernel. All datasets were transferred
o a dedicated post-processing workstation equipped with
quarius iNtuition (Terarecon, San Mateo, California).
Aortic annulus assessment. Multiphasic image data were
reformatted into multiplanar reconstructions of the aortic
root. The aortic annulus was defined employing the concept
of a virtual ring joining the basal attachments of all 3 aortic
valve cusps, representing the inlet from the left ventricular
outflow tract into the aortic root (17). Multiplanar refor-
ersizing
Relative
Oversizing (%)
DA or DP
(mm)
Prosthesis
(mm)
Relative
Oversizing (%)
18.2 25.0 29 16.0
17.1 25.2 29 15.1
16.1 25.4 29 14.2
15.0 25.6 29 13.3
14.0 25.8 29 12.4
13.0 26.0 29 11.5
12.1 26.2 29 10.7
11.1 26.4 29 9.9
10.2 26.6 29 9.0
9.2 26.8 29 8.2
8.3 27.0 29 7.4
7.5 27.2 29 6.6
6.6 27.4 29 5.8
5.7 27.6 29 5.1
4.8 27.8 29 4.3ive Ov
hesis
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6mations were manually oriented to display the aortic annu-
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987lus at the level of the basal attachment points. Using the
coronal and sagittal oblique views, the corresponding
double-oblique transverse view was adjusted to transect
through the most caudal attachments of all 3 native cusps,
defining the orientation and position of the virtual ring. The
measurement planes were readjusted for every reconstruc-
tion phase to compensate for displacement during the
cardiac cycle. Dimensions of the aortic annulus were as-
sessed by means of planimetry for each reconstruction
throughout the cardiac cycle. Maximum and minimum
Figure 2. Dimension Changes Throughout the Cardiac Cycle
Images from a 79-year-old woman with severe aortic stenosis. Geometric chan
5% intervals. Maximum area-derived diameter (DA) and perimeter-derived diam
70%. Outward bulging of the aortomitral continuity towards the left atrium wa
ing diastole (depicted as a blue line at 60%). Graphs indicate change of DA, Ddiameters (short and long axis) were obtained, and cross- asectional area (CSA) and perimeter were measured by
manually tracking the luminal contours on double-oblique
transverse planes (Fig. 1). Using the equation for the area of
a circle (r2, where r is the radius), an area-derived diameter
f the encircled area was calculated (DA) as follows: DA 
2  ✓(CSA/). Using the equation for the circumference
of a circle (d, where d is the diameter), a perimeter-derived
iameter (DP) was calculated as follows: DP  P/, where
is the perimeter. To quantify the degree of deviation of
he aortic annulus shape from a perfect circle, we calculated
e observed on serial reconstructions of double-oblique transverse views at
DP) were found at 15% of RR, minimum DA at 60%, and minimum DP at
ed during systole (depicted as a red line at 15%), followed by ﬂattening dur-
entricity index (EI), and net difference of DP-DA.ges ar
eter (
s notn eccentricity index (EI), where EI  1  (minimal
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988diameter/maximum diameter), as previously proposed by
Doddamani et al. (18). Using this index, an EI of 0
represents a perfect circle, with higher a EI indicating
elliptical geometry. Noncircular was defined as EI 0.1.
Relative change of DA, DP, and eccentricity over the cardiac
cycle were calculated and plotted with measurements at 95%
of the RR interval as reference. Relative oversizing was
calculated as: [(DA/nominal prosthesis diameter)  1] 
Figure 3. Change of Average DA and DP Throughout the Cardiac Cycle
(A) Mean DA and DP rapidly increase during early systole to then slowly
decrease and reach their nadir at early diastole. (B) Relative change of DA
and DP throughout the cardiac cycle is plotted with DA and DP at 95% of
RR as reference. Changes in DA and DP are not occurring strictly in parallel.
Decrease of DA is more pronounced during diastole compared with DP, as
illustrated by the difference of DP and DA throughout the cardiac cycle (C).
Vertical bars indicate standard deviation of measurements across the
entire study population. Abbreviations as in Figure 2.100 and [(DP/nominal prosthesis diameter)  1]  100.Maximum DA and DP, minimum DA and DP, and DA and
DP at 35% and 75% of RR, respectively, are labeled
DA-MAX, DP-MAX, DA-MIN, DP-MIN, DA-35%, DP-35%,
DA-75%, and DP-75%, respectively.
Prosthesis sizing. For this retrospective analysis, hypothet-
cal THV sizing was based on DA and DP for implantation
f a balloon-expandable Edwards SAPIEN heart valve
Edwards Lifesciences, Irvine, California) employing an
ncremental sizing regimen: For DA and DP 22 mm,
implantation of a 23-mm prosthesis was assumed, for a DA
and DP of 22 to 25 mm, implantation of a 26-mm THV
as assumed, and for a DA and DP 25 to 28 mm,
implantation of a 29-mm THV was assumed. These cutoff
values were chosen based on prior investigations (11,19).
Using these cutoff values, relative oversizing with regard to
the nominal THV diameter ranges between 4% and 21% for
DA and DP of 19 to 28 mm (Table 1). In addition to DA-MAX
and DP-MAX, we specifically compared THV selection for DA
and DP at 35% and 75% of RR, as the 2 most commonly
escribed standardized RR intervals for routine cardiac CT
15,16). Undersizing was defined as selected nominal THV
iameter by DA  DA-MAX and selected nominal THV
diameter DP  DP-MAX. The difference between the maxi-
mum long-axis dimension throughout the cardiac cycle and the
selected THV size was calculated.
Statistical analysis. Continuous variables are reported as
mean  1 SD when equally distributed as assessed by
Kolmogorov-Smirnov tests. Unequally distributed variables are
reported as the median and interquartile range. Paired Student
t tests were used to test for significant differences between
continuous variables. Agreement of THV sizing for different
cardiac reconstruction phases was assessed by  statistics.
McNemar test was used to test for differences in the occurrence
of undersizing. All statistical analyses were performed using
SPSS software (SPSS version 17.0, SPSS, Chicago, Illinois). A
p value 0.05 was considered statistically significant.
esults
Study population and image quality. Patient characteristics
re provided in Table 2. Mean heart rate was 68.5  8.5
eats/min (range 47 to 84 beats/min), and mean heart rate
ariability was 1.4  1.1 beats/min (range 0.0 to 4.8
beats/min). All reconstruction phases were deemed of di-
agnostic image quality in all patients.
Aortic annulus dimensions. CSA and perimeter, and subse-
uently, derived DA and DP, varied throughout the cardiac
cycle, as illustrated in a patient example in Figure 2 and
plotted for the entire study population in Figure 3. DA and
P increased during systole, both reaching maximum at a
median 20% of RR (1st and 3rd quartiles: 10% and 20%,
range: 5% to 30%) to then gradually decrease to a diastolic
nadir at median 60% and 57.5%, respectively (1st and 3rd
quartiles: DA, 50% and 85%; DP, 50% to 85%; range: DA,
cd
o
d
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98945% and 95%; DP, 40% to 95%). Distribution of DA-MAX
and DP-MAX, as well as DA-MIN and DP-MIN, are illustrated
as histograms in Figure 4.
Mean values and their ranges for maximum and min-
imum CSA and perimeter and their derived diameter DA
and DP, as well as absolute and relative differences, are
listed in Table 3. Mean DP was found to be larger than
DA in all phases (p  0.001). Of note, the pattern of
hange of DA and DP throughout the cardiac cycle did
not occur in parallel as evidenced by the change in the net
Figure 4. Distribution Minimum and Maximum DA and DP Throughout the C
As illustrated by histograms, DA and maximum DP were found between 5% an
95% of RR, respectively, with highest frequencies in early and late diastole, co
tion. Abbreviations as in Figure 2.difference of DP and DA. DP-DA was found to be loweruring systole than during diastole, with peaks at 50% and 85%
f RR (Fig. 3C), indicating that the diastolic decrease in DP
was less than the decrease in DA. Accordingly, the average net
ifference and relative change was significantly larger between
A-MAX and DA-MIN than between DP-MAX and DP-MIN
(p  0.001) (Fig. 5).
Mean DA-35% and DA-75% were 24.0  1.9 mm (range
19.5 to 29.1 mm) and 23.4  1.9 mm (range 19.4 to 28.3
mm, p 0.001), respectively, with an average net difference
of 0.6  0.4 mm (range  0.3 to 1.8 mm). Average DP-35%
c Cycle
of RR. Minimum DA and DP were found between 40% and 95% and 45% to
nding to mitral valve opening with rapid ventricular ﬁlling and atrial contrac-ardia
d 30%
rrespoand DP-75% were 24.6  2.0 mm (range 20.3 to 29.9 mm)
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990and 24.2  2.0 mm (range 20.9 to 30.1 mm, p  0.001),
espectively, with an average net difference of 0.5 0.4 mm
(range 0.2 to 1.5 mm).
Short and long axis and eccentricity. EI was lower during
ystole and higher during diastole (Figs. 6A and 6B); the
ean EI was found to be highest at 85% of the cardiac cycle
0.30  0.05) and lowest at 10% (0.20  0.04, p  0.001).
I was 0.24  0.04 at 35% and 0.27  0.05 at 75% of RR.
n all patients, bulging of the aortomitral continuity towards
he left atrium was noted during systole with flattening
uring diastole. This was reflected by an increase in short-
xis dimensions, reaching its mean peak of 22.0  1.9 mm
range 15.8 to 26.0 mm) at 20% of the cardiac cycle (Fig. 6C).
adirs of short-axis dimensions were found at 50% and 85%
f the cardiac cycle. Relative changes of short- and long-axis
imensions are illustrated in Figure 5D. Although mean
hort-axis dimensions exhibited pronounced changes, rela-
ive changes of average long-axis dimensions were limited
Fig. 5D).
Table 3. Mean Maximum and Minimum Annulus Dimensions
Maximum Minimum p Value
CSA 483.4 75.2 mm2
(332–720 mm2)
410.5 68.7 mm2
(279–619 mm2)
0.001
Perimeter 79.6 6.0 mm
(66.8–97.3 mm)
74.2 5.7 mm
(61.1–90.5 mm)
0.001
DA 24.7 1.9 mm
(20.6–30.3 mm)
22.8 1.9 mm
(18.9–28.1 mm)
0.001
DP 25.3 1.9 mm
(21.3–31.0 mm)
23.6 1.8 mm
(19.5–28.8 mm)
0.001
Values are mean or range.
CSA cross-sectional area; other abbreviations as in Table 1.
Figure 5. Relative Difference Between Maximum and Minimum DA and DP
Relative difference between minimum and maximum measurements wasD
signiﬁcantly greater for DA compared with DP. Abbreviations as in Figure 2.THV selection. Frequencies of selected THVs sized by DA
and DP are listed in Table 4. Cross-tabulations for THV
election are listed in Tables 5 to 8. For DA, agreement for
THV sizing was found in 93 of 110 patients (85%,  
.75) by DA-75% and in 80 of 110 patients (73%,   0.53)
by DA-MAX compared with DA-35%. For DP, agreement for
THV sizing was found in 94 of 110 patients (85%,  
.73) by DP-75% and in 93 of 110 patients (85%,   0.73)
by DP-MAX compared with DP-35%.
When comparing THV selection based on DA and DP,
greement was found in 84 of 110 patients (76%,   0.59) at
5% of RR, 83 of 110 patients (76%, 0.59) at 75% of RR, and
n 97 of 110 patients (88%,   0.79) for maximum values.
Relative oversizing and undersizing. Comparing nominal
iameters of the selected THV based on DA-MAX, DA-35%,
and DA-75% with the individuals’ DA-MAX, selected THV
ize would have resulted in an average relative oversizing of
0.3  3.5% (range 3.6% to 15.8%), 7.0  3.7% (range
.8% to 13.3%), and 5.0  4.0% (range 1.9% to 12.3%),
respectively. Comparing nominal diameters of the selected
THV based on DP-MAX, DP-35%, and DP-75% with the
ndividuals’ DP-MAX, selected THV size would have re-
sulted in an average relative oversizing of 9.2  3.4% (range
4.1% to 17.4%), 7.4  3.6% (range 1.1% to 15.0%), and
5.5  3.6% (range 3.7% to 12.4%), respectively. Under-
sizing, i.e., DA-MAX or DP-MAX exceeding the selected
nominal THV diameter, occurred in 15 patients (13.7%)
with sizing by DA-75% and in 6 patients (5.5%) with sizing
by DP-75% (p  0.049). Undersizing did not occur with
HV selection by end-systolic DA-35% or DP-35%.
Difference between long-axis dimension and selected THV
size. The mean difference between the maximum long-axis
dimension and the selected THV sizes was 1.5  1.2 mm
(range 1.2 to 3.3 mm), 2.2  1.2 mm (range 0.2 to 4.9
mm), and 2.7  1.4 mm (range 0.2 to 6.0 mm) for
selected THV based on DA-MAX, DA-35%, and DA-75%,
respectively, and 1.1  1.2 mm (range 1.4 to 3.3 mm), 1.6 
1.1 mm (range 1.2 to 3.3 mm), and 2.0  1.1 mm (range
0.2 to 4.2 mm), respectively, for selected THV based on
Absolute Change p Value Relative Change p Value
72.9 22.6 mm2
(34–120 mm2)
0.001 18.2 6.1%
(7.7%–34.1%)
0.001
5.4 1.5 mm
(2.6–9.6 mm)
7.3 2.1%
(3.4%–11.5%)
2.0 0.6 mm
(0.9–3.2 mm)
0.001 8.7 2.8%
(3.8%–15.8%)
0.001
1.7 0.5 mm
(0.8–3.1 mm)
7.3 2.1%
(3.4%–11.5%)P-MAX, DP-35%, and DP-75%.
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991Discussion
In patients with severe aortic stenosis undergoing CT in the
context of TAVR, we found an average 18.2 6.1% relative
difference between maximum and minimum CSA, and an
average 7.3  2.1% difference between maximum and
inimum perimeter measurements. This translates into
ifferences in DA and DP of 8.7  2.8% and 7.3  2.1% on
average, respectively. Although these differences may appear
small, the results of our study suggest that they are substan-
tive enough to affect THV size selection.
Geometric changes of aortic annulus throughout the cardiac
cycle. Both mean CSA and perimeter rapidly increase
during systole, peaking at a median 20% of RR, to then
decrease, reaching their nadir in early diastole followed by a
Table 4. Overview of Prosthesis Selection Based on DA and DP
Prosthesis DA-MAX DA-35% DA-75% DP-MAX DP-35% DP-75%
23 mm 5 (5) 16 (15) 28 (26) 1 (1) 5 (5) 9 (8)
26 mm 60 (55) 65 (59) 58 (53) 58 (3) 64 (58) 72 (65)
29 mm 39 (36) 26 (24) 21 (19) 42 (38) 35 (32) 23 (21)
None* 6 (6) 3 (3) 3 (3) 9 (8) 6 (6) 6 (6)
Values are frequencies (%). *Applicable to patients not eligible for transcatheter aortic valve
implantation due to a calculated average annulus diameter28 mm.
Figure 6. Change of Eccentricity and Axis Dimensions Throughout the Card
Mean eccentricity (A) and relative change (B) decreased during systole and pe
rapid ventricular ﬁlling and atrial contraction. Change of eccentricity is predom
dimensions was limited throughout the cardiac cycle (C). (D) Relative changes
measurements across the entire study population.pAbbreviations as in Table 1.slow increase toward end-diastole, which concurs with
previous findings on 3-dimensional transesophageal echo-
cardiography (20) and CT (14). As previously described
(21,22), owing to the ovoid annulus geometry, we found DP
to be consistently larger than DA. Of note, changes in CSA
and perimeter did not occur strictly in parallel: DP-DA
increased during diastole, as the reduction in mean CSA
was greater than the decrease in mean perimeter. Peaks in
DP-DA during early and late diastole—at the point of mitral
alve opening and atrial contraction—paralleled peaks in
ccentricity. The nonparallel changes in perimeter and CSA
uggest that 2 components affect aortic annulus cross-
ectional geometry: 1) alterations in cross-sectional shape
ue to deformation; and 2) stretching of confining anatomic
tructures. The aortic root itself is wedged between the
rifices of the atrioventricular valves and the subpulmonary
nfundibulum (23,24). Thus, cross-sectional geometry will
e influenced by the pressure within the left ventricular
utflow tract and aortic root, but also by the concurrent
lling status and pressure of adjacent structures. Aortic
nnulus shape is most substantially affected by aortomitral
ontinuity movement, with pressure-related systolic bulging
oward the left atrium and increase in short-axis dimen-
ions. This bulging vanishes in early diastole as ventricular
ycle
during early and late diastole, corresponding to mitral valve opening with
ly due to change in short-axis dimensions, whereas change of long-axis
rt- and long-axis dimensions. Vertical bars indicate standard deviation ofiac C
aked
inant
in shoressure drops. The peak in eccentricity that occurs with
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992mitral valve opening and atrial contraction can be thought
of as passive deformation. However, although changes in
short-axis diameter can account for CSA changes, they
cannot account for changes in perimeter, leaving stretch as
the most likely underlying mechanism. In this regard, our
results and their interpretation differ from recent findings by
Hamdan et al. (13), who reported a relative maximum
difference in CSA and perimeter of 6.2% and 0.56%,
respectively. On the basis of their study of 35 patients, these
investigators conclude that changes in CSA are mainly due
to deformation of the annulus plane, in particular by
diastolic inward bulging of the aortomitral continuity, and
to a far lesser extent, secondary to stretch. In our investiga-
tion, we did observe flattening of the aortomitral continuity
during diastole; however, we did not observe any bulging of
the aortic annulus plane. The discrepancy between these
previous findings and our results may be explained by the
higher temporal resolution of 83 ms with dual-source CT
compared with 165 ms with single-source CT, as well as our
more frequent sampling rate at 5% intervals of RR as
opposed to 10% in the previous study. These conditions may
increase the likelihood of capturing extreme, brief changes
in dimensions.
Implications for TAVR. Accurate pre-operative assessment of
he aortic annulus diameter is critical in order to minimize
he risk of paravalvular aortic regurgitation or device migra-
ion with THV undersizing (8,9) and aortic root rupture
ith oversizing (10). The manufacturer’s sizing recommen-
Table 5. Cross-Tabulations for Prosthesis Selection B
D Prosthesis
DA-MAX
23 mm 26 mm 29 mm
DA-35% 23 mm 5 11 0
26 mm 0 49 16
29 mm 0 0 23
None* 0 0 0
Total 5 60 39
*Applicable to patients not eligible for transcatheter aortic valve impl
Abbreviations as in Table 1.
Table 6. Cross-Tabulations for Prosthesis Selection B
D Prosthesis
DP-MAX
23 mm 26 mm 29 mm
DP-35% 23 mm 1 4 0
26 mm 0 54 10
29 mm 0 0 32
None* 0 0 0
Total 1 58 42
*Applicable to patients not eligible for transcatheter aortic valve implAbbreviations as in Table 1.ations are based on 2-dimensional transesophageal echo-
ardiography measurements obtained in a mid-esophageal
ong-axis view, as was done in the trials leading up to
egulatory approval (1,2). In clinical practice, however, CT
s being used increasingly often as an alternative modality
or prosthesis sizing (19,25). The complex aortic annulus
natomy has been described to resemble a 3-pronged
oronet formed by the semilunar hinges of the aortic valve
17). A plane defined by the most basal attachment points of
ll 3 cusps has been recommended for measuring the true
ize of the annulus (17). Given the elliptical root geometry
t this level (11,12), planimetric assessment of CSA or
erimeter followed by calculation of a derived diameter has
een suggested (11–13,21). However, previous investiga-
ions on THV selection by CT used only 1 reconstruction
hase, predominantly at 30% to 35% of the cardiac cycle, to
ost closely parallel echocardiographic measurements
19,21,26,27). Differences across various phases of cardiac
ontraction were not investigated in these studies. In con-
rast to echocardiography, dynamic information may not
lways be available with CT because of the desire to increase
maging speed, to reduce the volume of radiographic con-
rast media (28), or to lower radiation exposure. Traditional
oronary CT angiography techniques time imaging to
nd-systole (e.g., 35% RR) or mid-diastole (e.g., 75% RR),
hich are preferred for coronary artery visualization (15,16);
owever, it has not been systematically assessed whether
on DA-35%, DA-75%, and DA-MAX
DA-75%
Totalne 23 mm 26 mm 29 mm None
16 0 0 0 16
12 53 0 0 65
0 5 21 0 26
0 0 0 3 3
28 58 21 3 110
due to a calculated average annulus diameter28 mm.
on DP-35%, DP-75%, and DP-MAX
DP-75%
Totalne 23 mm 26 mm 29 mm None
5 0 0 0 5
4 60 0 0 64
0 12 23 0 35
0 0 0 6 6
9 72 23 6 110
due to a calculated average annulus diameter28 mm.ased
No
0
0
3
3
6
antationased
No
0
0
3
6
9
antation
Dt
s
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993these intervals reflect aortic root dimensions in a manner
relevant for TAVR.
The CT-based sizing regimen described here is based on
the following tenets: 1) balloon-expandable THVs expand
to an almost circular shape in most patients (7,11), thereby
altering the configuration of the aortic annulus by reducing
eccentricity, whereas CSA remains constant (11,19);
2) area-derived diameters correlate most closely when pre-
and post-transcatheter aortic valve implantation datasets are
compared (11); and 3) undersizing defined by DA 
nominal THV diameter is associated with paravalvular
regurgitation (29). To account for this, we deliberately
chose incremental cutoff values 1 mm below the nominal
prosthesis diameter, allowing for a relative oversizing of 4%
to 21%, depending on derived diameter and prosthesis
diameter. The goal of THV sizing is to avoid excessive
oversizing with subsequent rupture, and undersizing with
subsequent paravalvular regurgitation. Comparison of an-
nulus size with nominal THV diameters may help to define
the balance point between both extremes.
Nominal THV diameters chosen at 35% of RR by either
DA-35% or DP-35% exceeded DA-MAX or DP-MAX, respec-
tively, in all patients, indicating that relative oversizing at
35% of RR compensates for the increase to DA-MAX or
P-MAX. By contrast, DA-MAX exceeded nominal THV
diameter in 13.7% of patients when THV sizing was based
on mid-diastolic DA-75%. Although undersizing occurred
less frequently with THV sizing by DP-75%, DP-MAX still
exceeded nominal THV diameter in 5.5% of patients, again
confirming that variations in perimeter throughout the
cardiac cycle are not negligible (13). There is growing
evidence that oversizing is inversely related to the occur-
rence of paravalvular regurgitation (14,29). Compared with
perimeter and cross-sectional area, long-axis dimensions
exhibit only little variation throughout the cardiac cycle
(Fig. 6D). Recently, it was shown that the difference
between long-axis dimension and selected THV size was
the best predictor of paravalvular regurgitation, with a
difference of 4 mm showing the highest sum of sensitivity
Table 7. Cross-Tabulations for Prosthesis Selection Based
on DA-35% and DP-35%
D Prosthesis
DP-35%
Total23 mm 26 mm 29 mm None
DA-35% 23 mm 5 11 0 0 16
26 mm 0 53 12 0 65
29 mm 0 0 23 3 26
None* 0 0 0 3 3
Total 5 64 35 6 110
*Applicable to patients not eligible for transcatheter aortic valve implantation due to a calculated
average annulus diameter28 mm.
Abbreviations as in Table 1.and specificity (14). In contrast to diastolic THV sizing, thisdifference did not exceed 3.3 mm in the present study when
hypothetical THV sizing was based on DA-MAX or DP-MAX.
Following the laws of geometry, identical values for DA
and DP are found only with perfect circularity. Unsurpris-
ingly, DP was found to be always larger than DA, owing to
he ovoid morphology of the aortic annulus. Of note, THV
izing by DP resulted in selection of a larger prosthesis in
12% of patients at maximum, and in 24% of patients at 35%
and 75% of RR. However, so far, no clinical data are
available on prosthesis sizing by perimeter. Conceivably,
DA-MAX or DP-MAX may be the most appealing parameter
for prosthesis size selection in order to reduce the likelihood
of paravalvular regurgitation. Sizing by DA-MAX or DP-MAX
resulted in selection of larger THVs in 27% and 15% of
patients compared with sizing by DA-35% or DP-35%, respec-
tively, increasing mean relative oversizing from 7.0% and
7.4% to 10.3% and 9.2% in relation to DA-MAX or DP-MAX,
respectively. This approach, however, might harbor an
increased risk of severe oversizing with potential aortic
annulus rupture. Eventually, the ideal approach to prosthe-
sis sizing regarding choice of sizing parameter, increment,
and reconstruction phase can only be determined by proce-
dural success, warranting further prospective investigation.
Study limitations. We excluded patients with atrial fibrilla-
tion as these patients usually exhibit ECG misregistration
artifacts, which would have impaired accurate measure-
ments (30). Accordingly, our results may not be directly
transferable to patients undergoing transcatheter aortic valve
implantation who have atrial fibrillation (2,3). Because
traditional dynamic CT reconstructions use a percentage
approach, this does not account for interindividual variation
in length of distinct cardiac phases, which depend on heart
rate. Compared with echocardiography, the lower temporal
resolution of CT inevitably results in data averaging, poten-
tially masquerading dynamic, short-lasting extremes, such
as the true maximum and minimum, even with fast tempo-
ral resolution CT. Finally, we did not investigate potential
influences of left ventricular function or further functional
or morphological characteristics of the heart on the extent of
dynamic changes of annulus geometry.
Table 8. Cross-Tabulations for Prosthesis Selection Based
on DA-MAX and DP-MAX
D Prosthesis
DP-MAX
Total23 mm 26 mm 29 mm None
DA-MAX 23 mm 1 4 0 0 5
26 mm 0 54 6 0 60
29 mm 0 0 36 3 39
None* 0 0 0 6 6
Total 1 58 42 9 110
*Applicable to patients not eligible for transcatheter aortic valve implantation due to a calculatedaverage annulus diameter28 mm.
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994Conclusions
Aortic annulus morphology exhibits conformational pulsa-
tile changes due to deformation and stretch. Perimeter-
derived diameter decreases less during diastole than area-
derived diameter. However, prosthesis sizing based on
either parameter harbors the risk of undersizing if measure-
ments are acquired in diastole. Accordingly, sizing should
only be performed during systole.
Reprint requests and correspondence: Dr. Philipp Blanke, Heart
and Vascular Center, Medical University of South Carolina,
Ashley River Tower, 25 Courtenay Drive, Charleston, South
Carolina 29401. E-mail: philipp.blanke@uniklinik-freiburg.de.
REFERENCES
1. Leon MB, Smith CR, Mack M, et al. Transcatheter aortic-valve
implantation for aortic stenosis in patients who cannot undergo
surgery. N Engl J Med 2010;363:1597–607.
2. Smith CR, Leon MB, Mack MJ, et al. Transcatheter versus surgical
aortic-valve replacement in high-risk patients. N Engl J Med 2011;
364:2187–98.
3. Zahn R, Gerckens U, Grube E, et al. Transcatheter aortic valve
implantation: first results from a multi-centre real-world registry. Eur
Heart J 2011;32:198–204.
4. Piazza N, Grube E, Gerckens U, et al. Procedural and 30-day
outcomes following transcatheter aortic valve implantation using the
third generation (18 Fr) CoreValve Revalving System: results from the
multicentre, expanded evaluation registry 1-year following CE mark
approval. EuroIntervention 2008;4:242–9.
5. Schultz CJ, Moelker AD, Tzikas A, et al. Cardiac CT: necessary for
precise sizing for transcatheter aortic implantation. EuroIntervention
2010;6 Suppl G:G6–13.
6. Messika-Zeitoun D, Serfaty JM, Brochet E, et al. Multimodal assess-
ment of the aortic annulus diameter: implications for transcatheter
aortic valve implantation. J Am Coll Cardiol 2010;55:186–94.
7. Wood DA, Tops LF, Mayo JR, et al. Role of multislice computed
tomography in transcatheter aortic valve replacement. Am J Cardiol
2009;103:1295–301.
8. Détaint D, Lepage L, Himbert D, et al. Determinants of significant
paravalvular regurgitation after transcatheter aortic valve: implantation
impact of device and annulus discongruence. J Am Coll Cardiol Intv
2009;2:821–7.
9. Vahanian A, Alfieri O, Al-Attar N, et al. Transcatheter valve
implantation for patients with aortic stenosis: a position statement
from the European Association of Cardio-Thoracic Surgery
(EACTS) and the European Society of Cardiology (ESC), in
collaboration with the European Association of Percutaneous Cardiovas-
cular Interventions (EAPCI). Eur Heart J 2008;29:1463–70.
10. Pasic M, Buz S, Dreysse S, et al. Transapical aortic valve implantation
in 194 patients: problems, complications, and solutions. Ann Thorac
Surg 2010;90:1463–9, discussion 1469–70.
11. Blanke P, Siepe M, Reinöhl J, et al. Assessment of aortic annulus
dimensions for Edwards SAPIEN transapical heart valve implantation
by computed tomography: calculating average diameter using a virtual
ring method. Eur J Cardiothorac Surg 2010;38:750–8.
12. Gurvitch R, Webb JG, Yuan R, et al. Aortic annulus diameter
determination by multidetector computed tomography reproducibility,
applicability, and implications for transcatheter aortic valve implanta-
tion. J Am Coll Cardiol Intv 2011;4:1235–45.
13. Hamdan A, Guetta V, Konen E, et al. Deformation dynamics and
mechanical properties of the aortic annulus by 4-dimensional computed
tomography: insights into the functional anatomy of the aortic valve
complex and implications for transcatheter aortic valve therapy. J Am
Coll Cardiol 2012;59:119–27. p14. Jilaihawi H, Kashif M, Fontana G, et al. Cross-sectional computed
tomographic assessment improves accuracy of aortic annular sizing for
transcatheter aortic valve replacement and reduces the incidence of
paravalvular aortic regurgitation. J Am Coll Cardiol 2012;59:1275–86.
15. Weustink AC, Mollet NR, Pugliese F, et al. Optimal electrocardio-
graphic pulsing windows and heart rate: effect on image quality and
radiation exposure at dual-source coronary CT angiography. Radiology
2008;248:792–8.
16. Weustink AC, Neefjes LA, Kyrzopoulos S, et al. Impact of heart rate
frequency and variability on radiation exposure, image quality, and
diagnostic performance in dual-source spiral CT coronary angiography.
Radiology 2009;253:672–80.
17. Piazza N, De Jaegere P, Schultz C, Becker AE, Serruys PW, Anderson
RH. Anatomy of the aortic valvar complex and its implications for
transcatheter implantation of the aortic valve. Circ Cardiovasc Interv
2008;1:74–81.
18. Doddamani S, Grushko MJ, Makaryus AN, et al. Demonstration of
left ventricular outflow tract eccentricity by 64-slice multi-detector CT.
Int J Cardiovasc Imaging 2009;25:175–81.
19. Delgado V, Ng AC, van de Veire NR, et al. Transcatheter aortic valve
implantation: role of multi-detector row computed tomography to
evaluate prosthesis positioning and deployment in relation to valve
function. Eur Heart J 2010;31:1114–23.
20. Veronesi F, Corsi C, Sugeng L, et al. A study of functional anatomy of
aortic-mitral valve coupling using 3D matrix transesophageal echocar-
diography. Circ Cardiovasc Imaging 2009;2:24–31.
21. Ng AC, Delgado V, van der Kley F, et al. Comparison of aortic root
dimensions and geometries before and after transcatheter aortic valve
implantation by 2-and 3-dimensional transesophageal echocardiogra-
phy and multi-slice computed tomography. Circ Cardiovasc Imaging
2010;3:94–102.
22. Tops LF, Wood DA, Delgado V, et al. Noninvasive evaluation of the aortic
root with multislice computed tomography: implications for transcatheter
aortic valve replacement. J Am Coll Cardiol Img 2008;1:321–30.
23. Anderson RH. Clinical anatomy of the aortic root. Heart 2000;84:670–3.
24. Anderson RH, Lal M, Ho SY. Anatomy of the aortic root with
particular emphasis on options for its surgical enlargement. J Heart
Valve Dis 1996;5 Suppl 3:S249–57.
25. Leipsic J, Gurvitch R, Labounty TM, et al. Multidetector computed
tomography in transcatheter aortic valve implantation. J Am Coll
Cardiol Img 2011;4:416–29.
26. Shanewise JS, Cheung AT, Aronson S, et al. ASE/SCA guidelines for
performing a comprehensive intraoperative multiplane transesophageal
echocardiography examination: recommendations of the American
Society of Echocardiography Council for Intraoperative Echocardiog-
raphy and the Society of Cardiovascular Anesthesiologists Task Force
for Certification in Perioperative Transesophageal Echocardiography.
J Am Soc Echocardiogr 1999;12:884–900.
27. Ng AC, Yiu KH, Ewe SH, et al. Influence of left ventricular geometry
and function on aortic annular dimensions as assessed with multi-
detector row computed tomography: implications for transcatheter
aortic valve implantation. Eur Heart J 2011;32:2806–13.
28. Wuest W, Anders K, Schuhbaeck A, et al. Dual source multidetec-
tor CT-angiography before transcatheter aortic valve implantation
(TAVI) using a high-pitch spiral acquisition mode. Eur Radiol
2012;22:51– 8.
29. Willson AB, Webb JG, Labounty TM, et al. Three-dimensional aortic
annular assessment by multidetector computed tomography predicts
moderate or severe paravalvular regurgitation after transcatheter aortic
valve replacement: A multicenter retrospective analysis. J Am Coll
Cardiol 2012;59:1287–94.
30. Blanke P, Euringer W, Baumann T, et al. Combined assessment of
aortic root anatomy and aortoiliac vasculature with dual-source CT as
a screening tool in patients evaluated for transcatheter aortic valve
implantation. AJR Am J Roentgenol 2010;195:872–81.
Key Words: aortic annulus  dynamic computed tomog-
raphy  TAVI  TAVR  transcatheter aortic valve im-lantation  transcatheter aortic valve replacement.
